Introduction
Coronary artery disease (CAD) is associated with high mortality accounting for 1 in 7 deaths in the United States each year [1] . Transplantation of autologous blood vessels is the current gold standard for arterial reconstruction. However, more than 30% of patients lack a suitable donor site due to systemic vascular disease [2, 3] . Non-degradable synthetic grafts such as Dacron and polytetrafluoroethylene (PTFE) are suitable for large-diameter vascular grafts (>5 mm), but fail due to thrombosis and intimal hyperplasia when applied to small-diameter vascular grafts (the five-year patency is as low as 39%) [4] . Tissue-engineered vascular grafts (TEVGs) for large vessels have demonstrated promise as an alternative treatment option in the clinic; however, attempts to engineer small-diameter vascular grafts using TEVGs have thus far been unsuccessful due to compliance mismatch with native tissue and intimal hyperplasia [5] [6] [7] [8] .
To address the limitations of existing TEVGs, there is a need to develop scaffolds that better mimic the composition, structure, and function of native arteries. Mimicking the elastomeric properties provided by the elastic fibers in the medial layer of the native artery is especially important. Two different types of elastin have been studied in the literature-insoluble elastin and soluble elastin. Insoluble elastin is the native form of elastin, which contains the components of the microfibrillar scaffold (e.g. fibrillin) that cells typically attach Impact of elastin incorporation into electrochemically aligned collagen fibers on mechanical properties and smooth muscle cell phenotype Abstract Application of tissue-engineered vascular grafts (TEVGs) for the replacement of small-diameter arteries is limited due to thrombosis and intimal hyperplasia. Previous studies have attempted to address the limitations of TEVGs by developing scaffolds that mimic the composition (collagen and elastin) of native arteries to better match the mechanical properties of the graft with the native tissue. However, most existing scaffolds do not recapitulate the aligned topography of the collagen fibers found in native vessels. In the current study, based on the principles of isoelectric focusing, two different types of elastin (soluble and insoluble) were incorporated into highly oriented electrochemically aligned collagen (ELAC) fibers and the effect of elastin incorporation on the mechanical properties of the ELAC fibers and smooth muscle cell (SMC) phenotype was investigated. The results indicate that elastin incorporation significantly decreased the modulus of ELAC fibers to converge upon that of native vessels. Further, a significant increase in yield strain and decrease in Young's modulus was observed on all fibers post SMC culture compared with before the culture. Real-time polymerase chain reaction results showed a significant increase in the expression of α-smooth muscle actin and calponin on ELAC fibers with insoluble elastin, suggesting that incorporation of insoluble elastin induces a contractile phenotype in SMCs after two weeks of culture on ELAC fibers. Immunofluorescence results showed that calponin expression increased with time on all fibers. In conclusion, insoluble elastin incorporated ELAC fibers have the potential to be used for the development of functional TEVGs for the repair and replacement of small-diameter arteries.
to in the native artery. On the other hand, soluble elastin is a degraded form of elastin without any non-elastin components. Elastic fibers have been shown to modulate the phenotype of smooth muscle cells (SMCs) bound to the fibers in the native vessel [9] . The alignment of the extracellular matrix also plays a key role in controlling the extension and contraction of blood vessels [10, 11] . Development of scaffolds that compositionally and structurally mimic the intima media of the native blood vessels will provide both an aligned collagen platform to guide cell attachment and orientation, and a functional elastin that can potentially promote elastic matrix production.
Several studies have generated fibers composed of collagen and particular forms of elastin [12, 13] , but to the best of our knowledge, no studies have attempted to recapitulate the aligned topography of collagen and elastic fibers found in native blood vessels. Electrospinning and extrusion are two of the most common methods employed for producing aligned collagen fibers; however, each of these has limitations. For instance, although electrospinning has been performed with soluble forms of elastin [14, 15] , it is not feasible to incorporate insoluble elastin (native form) within electrospun collagen fibers due to the size of the particles. Collagen extrusion generates aligned fibers [16] , but the core of these fibers is poorly organized [17] . Further, extrusion has not been used to produce elastin-incorporated collagen fibers. Decellularization of the native artery is another method that has been used to develop vascular scaffolds due to the advantage that the structural features of the native artery can be maintained [18] . However, decellularized arteries have typically had concerns with cell migration and ingrowth because of limited, small pores. Some modified decellularization strategies (i.e. removing collagen or elastin) provide larger pore space [19] , but this causes some important aspects of the native composition to be lost. Therefore, there is a need for an alternative processing method that produces collagen fibers with tissue level alignment, and also allows for the incorporation of insoluble elastin to recreate both the compositional and topographical features of the native artery.
In this study, based on the principles of isoelectric focusing, an electrochemical fabrication methodology was employed to synthesize electrochemically aligned collagen (ELAC) fibers incorporated with soluble or insoluble elastin. Unlike other collagen alignment methods, the electrochemical process allows for the incorporation of a second component within the aligned collagen core. This second component could be either soluble or insoluble. Although the electrochemical process has been previously used to synthesize pure collagen fibers for tendon tissue engineering applications [20] [21] [22] [23] [24] , the current study is the first attempt to incorporate elastin within aligned collagen fibers. The hypotheses of the current study are that (1) incorporation of elastin will reduce the modulus and improve compliance of ELAC fibers, and (2) elastin incorporation will provide compositional and topographical cues to SMCs and thereby promote a more contractile vascular cell phenotype. Two different types of elastin (soluble and insoluble) were investigated in the study. Monotonic tensile tests were performed to assess the effect of elastin incorporation on fiber mechanics. The SMC phenotype was assessed via real-time polymerase chain reaction (PCR) and immunofluorescence. 
Materials and methods

Materials
Synthesis of elastin-incorporated ELAC fibers
Elastin-incorporated ELAC fibers were synthesized by adopting a previously published protocol with slight modifications [20, 23] . Briefly, two separate stock solutions of elastin (soluble and insoluble; 200 mg ml −1 ) were prepared by dissolving soluble elastin and suspending insoluble elastin in ultrapure water. Composite mixtures of elastin (either soluble or insoluble) and dialyzed collagen at a ratio of collagen:elastin = 60:40 (w/w) were loaded between two stainless steel wire electrodes and an electric field of 3 V was applied for 30 min. The electric field induces the formation of a pH gradient between the electrodes [25] . Due to the amphoteric nature of collagen, the presence of a pH gradient triggers the collagen molecules close to the anode to gain a positive charge and the ones close to the cathode to gain a negative charge. The repulsive forces from the like-charged electrodes results in self-aggregation of the collagen molecules along the isoelectric point (pI) to form a highly dense ELAC fiber. During the alignment process, the elastin molecules/ particles get entrapped within the aligned collagen to form elastin-incorporated ELAC fibers. Collagen-only fibers were synthesized by following a similar protocol but without the addition of elastin. Elastin-only fibers were not used as a control because it was not feasible to recover pure elastin fibers after the electrochemical process. After the alignment process, the fibers were incubated in phosphate buffered saline (PBS) at 37 °C for 6 h to promote fibril formation. The fibers were classified into three groups: collagen-soluble elastin (Col-SE), collagen-insoluble elastin (Col-IE), and collagen only (Col).
Confirmation of elastin incorporation into ELAC fibers
In order to visually confirm the incorporation of soluble elastin within the ELAC fibers, Col-SE fibers were synthesized by using fluorescein isothiocyanate (FITC)-labeled soluble elastin and imaged under a fluorescence microscope (Zeiss). Further, Col-SE fibers were incubated in PBS at 37 °C for one week. At periodic intervals (day 1 and day 6), the fibers were imaged to confirm the presence and stable incorporation of soluble elastin.
Insoluble elastin particles tend to autofluorescence under the DAPI (4',6-diamidino-2-phenylindole) filter set [26] . Therefore, autofluorescence imaging of Col-IE fibers was performed to confirm the incorporation and distribution of insoluble elastin within the ELAC fibers.
Isolation of rat aortic SMCs
SMCs were isolated from abdominal aorta of SpraqueDawley rats with an Institutional Animal Care and Use Committee approved protocol [27] . The adventitia and luminal endothelial cells were removed prior to digestion with a collagenase and elastase solution. Cells were grown in culture flasks, and the cells' contractile phenotype was assessed with immunofluorescence imaging for SMC markers (e.g. calponin) to confirm the purity of the cell population.
Culture of rSMCs on elastin-incorporated ELAC fibers
Rat aorta SMCs (rSMCs) were cultured on elastinincorporated ELAC fibers to determine the effect of elastin incorporation on the fibers' mechanical properties post culture, as well as on the cell morphology, cell proliferation, and cell phenotype. Briefly, 3 cm long ELAC fibers (w or w/o elastin) were sterilized in 70% ethanol, washed in PBS, and placed individually in each well of an ultralow attachment 24-well plate (Corning). Passage-3 rSMCs were seeded onto the fibers at a density of 10 000 cells/well and cultured for up to 14 d. The culture medium used was composed of Hyclone DMEM high glucose supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 1% L-glutamine. Culture medium changes were performed every 3 d.
Mechanical assessment of elastin-incorporated ELAC fibers
The effect of elastin incorporation on the mechanical properties of ELAC fibers before and after culture was determined by using a Q800 dynamic mechanical analyzer (TA Instruments). ELAC fibers (w and w/o elastin; N = 17/group) were cut into 3 cm long samples and glued onto transparency sheets at both ends by using a medical grade adhesive (Loctite 4851).
ELAC fibers were not allowed to dry onto the surface during and after synthesis to ensure that the cylindrical cross-section of the fibers was maintained. The crosssectional area in the wet state was determined by hydrating the samples in PBS and measuring the diameter of each sample under an inverted microscope (Zeiss). Following this, the fibers were mounted onto the fixtures of a fiber/film tension clamp and loaded in the wet state at a rate of 0.01 N min −1 until failure. The load and displacement data were recorded and the yield stress and yield strain was determined. The Young's modulus was computed by calculating the slope of the steepest region of the stress-strain curve by using Datafit (Oakdale Engineering).
The mechanical properties of the fibers after two weeks of culture (N = 16-20/group) was determined by following a similar protocol and testing the fibers immediately after removing the fibers from the culture plate.
Effect of elastin incorporation on cell morphology and proliferation
The effect of elastin incorporation on cell morphology was assessed via cell cytoskeleton staining by using AlexaFluor 488 Phalloidin at days 1 and 14. Briefly, ELAC fibers (w and w/o elastin; N = 3/group/time point) were washed with PBS and fixed with 3.7% formaldehyde in PBS for 15 min. After fixation, the fibers were washed with PBS and incubated in permeabilization buffer (0.2% Triton X-100 in PBS) for 10 min. Following this, the fibers were washed with PBS and incubated in blocking buffer (1% bovine serum albumin (BSA) in PBS containing 0.05% Triton X-100) for 45 min at room temperature. The cell cytoskeleton was then stained with a working solution of AlexaFluor 488 Phalloidin (1:25 in 1 × PBS) at room temperature for 20 min. Following the staining procedure, the fibers were washed and high quality images were taken by using a Nikon C1Si multi-spectral confocal microscope.
In order to assess the effect of elastin incorporation on cell proliferation, an Alamar blue assay (Life Technologies) was performed by following the manufacturer's instructions. Briefly, at periodic intervals (days 1, 4, 7, 10, and 14), ELAC fibers (w and w/o elastin; N = 3/ group/time point) were incubated with Alamar blue mix (culture medium + 10% Alamar blue) for 2 h at 37 °C. Following this, 100 μl aliquots from each well were transferred to a 96-well plate in triplicate and the fluorescence was measured at an excitation wavelength of 555 nm and emission wavelength of 595 nm by using an M2e Spectramax plate reader (Molecular Devices). The cell number was quantified by using a standard curve of fluorescence measurements generated using known amounts of cells.
Effect of elastin incorporation on SMC phenotype via real-time PCR
The effect of elastin incorporation on rSMC phenotype was assessed by using real-time PCR. At periodic intervals (days 3 and 14), the total RNA from ELAC fibers (w and w/o elastin; N = 6/group/time point) was extracted by using Trizol and quantified by using a RiboGreen assay by following the manufacturer's instructions. Next, 10 ng of RNA was used to synthesize cDNA by using the High Capacity cDNA Reverse Transcription Kit (Life Technologies). Real-time PCR was performed on a MyiQ ™ qPCR system (BioRad, CA) with Power SYBR Green Master Mix (Life Technologies) and by using primers for genes specific for the contractile (α-smooth muscle actin (SMA) (Acta2) and calponin (Cnn1)) and synthetic (thrombospondin (Thbs2)) phenotype of SMCs. The primer sequence for these genes was obtained from Bashur and Ramamurthi and is included in table 1 [27] . The relative fold change in the target gene expression was calculated by using the 2 (−ΔΔCt) method by normalizing the target gene expression to 18S (Rn18s) and relative to the expression on collagen-only fibers at day 3.
Effect of elastin incorporation on calponin expression via immunofluorescence
Protein-level expression of calponin on ELAC fibers (w and w/o elastin; N = 6/group/time point) was qualitatively assessed via immunofluorescence. At periodic intervals (days 7 and 14), the fibers were fixed and permeabilized with 3.7% formaldehyde and 0.1% Triton X-100 solution. Following this, the fibers were blocked with buffer containing 1% BSA in PBS and 0.05% Triton X-100. Rat SMCs were stained with rabbit anti-rat calponin antibody (Abcam, San Francisco, CA; 1:200 dilution) and incubated at 4 °C overnight. Following this, the rSMCs were stained with AlexaFluor 633-labeled secondary antibody (1:1000 dilution) for 1 h at room temperature and washed twice with 1 × PBS. Finally, the fibers were mounted on a glass slide and imaged under the microscope (Zeiss). The images were processed by using ImagePro Plus 7.0 software (Media Cybernetics, MD) by applying the same brightness and contrast settings for all the images.
Statistical analyses
Each experiment was performed twice and the data were combined to attain the total sample size per experiment. Results are expressed as mean ± standard error. Statistical analyses were performed by using Mann-Whitney U test (Minitab) and the significance criterion was set at p < 0.05. 
Gene
Forward sequence Reverse sequence 
Rn18s
GGGAAGGTAGTGACGAAAAATAACAAT TTGCCCTCCAATGGATCCT
Acta2
ATAGAACACGGCATCATCAC GTCTCAAACATAATCTGGGTC
Cnn1
CACCAATCATACACAAGTTCAGTC CTTATTGGTGCCCATCTGTAGG
Thbs2
Results
Confirmation of elastin incorporation into ELAC fibers
Fluorescence imaging of Col-SE fibers confirmed that soluble elastin can be uniformly incorporated within the ELAC fibers ( figure 1(B) ). On the other hand, collagen-only fibers (w/o soluble elastin) showed little to no fluorescence ( figure 1(A) ). Fluorescence images of Col-SE fibers at day 6 (post incubation in PBS) showed that the fluorescence intensity was maintained, indicating that soluble elastin can be stably incorporated within ELAC fibers ( figure 1(C) ). Autofluorescence imaging of Col-IE fibers with the DAPI filter confirmed the incorporation of insoluble elastin into ELAC fibers ( figure 2) . Further, the insoluble elastin particles were uniformly distributed throughout the length of the ELAC fiber. Collagen-only fibers (w/o insoluble elastin) did not show any autofluorescent particles (figure not shown).
Together, these results confirm that both soluble elastin and insoluble elastin can be incorporated within the ELAC fibers by simply mixing the elastin with the collagen solution during the electrochemical fabrication process.
Mechanical assessment of elastin-incorporated ELAC fibers before culture
The average cross-sectional areas of collagen, Col-SE, and Col-IE fibers were comparable ( p = 0.46) at 0.026 mm 2 , 0.035 mm 2 , and 0.032 mm 2 , respectively, suggesting that incorporation of elastin did not change the cross-sectional area of the ELAC fibers. Figure 3 (A) shows representative stress-strain curves of collagen-only, Col-SE, and Col-IE fibers before and after culture. While the stress-strain curves of all three fibers before culture showed a linear relationship between stress and strain (elastic region) followed by failure, the fibers after culture showed an extended toe region prior to the elastic region of the stress-strain curve. The yield stress of collagen-only fibers before culture was 3.3-fold higher than Col-SE fibers before culture (p < 0.0001) and 2-fold higher than Col-IE fibers before culture (p = 0.0003) ( figure  3(B) ). When comparing the two types of elastin, the yield stress of Col-SE fibers before culture was lower than Col-IE fibers before culture, although this was not statistically significant (p = 0.0782). It is important to note that while the strength of the Col-SE fibers and Col-IE fibers were not statistically different, the Col-SE fibers felt significantly weaker than Col-IE fibers during manual handling of the fibers. Specifically, many of the Col-SE fibers broke when recovering the fibers from the electrochemical cell post synthesis, suggesting that they were very weak. On the other hand, Col-IE fibers remained intact during the recovery process.
The Young's modulus data followed a similar trend as the yield stress ( figure 3(D) ). The Young's modulus of collagen-only fibers before culture was 5-fold higher than Col-SE fibers before culture (p = 0.0006) and 2.5-fold higher than Col-IE fibers before culture (p = 0.0075). When comparing the two elastin types, the Young's modulus of the Col-SE fibers before culture was lower than the Col-IE fibers before culture, although this finding was not statistically significant (p = 0.1964).
The yield strain data was comparable between all groups, suggesting that the incorporation of elastin had no effect on the extensibility compared with collagenonly fibers before culture ( figure 3(C) ). Together, these results indicate that elastin incorporation decreases the strength and stiffness compared with collagen-only fibers before culture.
Mechanical assessment of elastin-incorporated ELAC fibers after culture
The effect of elastin incorporation on the mechanical properties of the cell-synthesized remodeled matrix was assessed by performing mechanical tests on ELAC fibers after two weeks of culture (figure 3). The results followed a similar trend as observed with the before-culture fibers. Specifically, the yield stress and Young's modulus of Col-SE fibers after culture was 2.6-fold (p = 0.0091) and 3.1-fold (p = 0.0091) lower, respectively, compared with the collagen-only fibers after culture (figures 3(B) and (D)). Further, the yield stress and Young's modulus of Col-IE fibers after culture also appeared to be lower than collagen-only fibers after culture, although these results were not statistically significant (p > 0.05). The yield strain was comparable between all groups ( figure 3(C) ). When comparing the two elastin fibers, the Young's modulus of Col-IE fibers after culture was significantly higher than the Col-SE fibers after culture (p = 0.023).
When comparing the mechanical properties of the fibers before and after culture, the yield stress of the after culture Col-SE, Col-IE and collagen-only fibers was 1.9 fold (p = 0.0213), 1.7 fold (p = 0.0038), and 2.4 fold (p = 0.0001) lower than before culture Col-SE, Col-IE and collagen-only fibers, respectively, suggesting that all fibers become weaker after culture. In contrast, yield strain of Col-SE, Col-IE, and collagen only fibers after culture significantly increased (p < 0.0001) compared to their respective counterparts before culture. The Young's modulus of the collagen-only fibers after culture was 14.5-fold (p < 0.0001) lower than collagen-only fibers before culture. Similarly, the Young's modulus of Col-SE fibers after culture and Col-IE fibers after culture was 8.6-fold (p < 0.0001) and 5.3-fold (p < 0.0001) lower compared with Col-SE fibers and Col-IE fibers before culture, respectively. Together, these results indicate that while the yield stress and modulus of the fibers decrease after culture, yield strain increases suggesting that the fibers after culture are more compliant.
Effect of elastin incorporation on morphology and proliferation of rSMCs
Cell morphologies on collagen-only and elastinincorporated ELAC fibers were assessed via cell cytoskeletal staining. At day 1, some degree of preferential cellular alignment along the length of the fiber was observed on collagen-only fibers ( figure 4(A) ). No such alignment was observed on elastin-incorporated ELAC fibers (figures 4(B) and (C)). Further, the cell morphology on Col-SE and Col-IE fibers was comparable. By day 14, a confluent cell layer was observed on all fibers, suggesting that cells proliferate well on ELAC fibers with and without elastin (figures 4(D)-(F) ). Further, a high degree of cellular alignment was observed on all three fiber types at day 14.
Results from the Alamar blue assay for cell proliferation were in agreement with the visual observations from cell cytoskeletal staining and showed that elastin incorporation allowed cell proliferation on ELAC fibers ( figure 4(G) ).
Assessment of cell phenotype via real-time PCR
The expression of α-SMA and calponin was investigated to assess the effect of elastin incorporation on the contractile phenotype of rSMCs (figures 5(A) and (B)). Thrombospondin expression was evaluated to assess the synthetic phenotype of rSMCs ( figure 5(C) ). Realtime PCR results showed that α-SMA expression on collagen-only fibers was comparable between days 3 and 14 (p = 0.3785; figure 5(A) ). However, the expression of α-SMA increased significantly from day 3 to day 14 on Col-SE (p = 0.0453) and Col-IE fibers (p = 0.0051). When comparing between groups at day 14, α-SMA expression was significantly higher on Col-IE fibers compared with collagen-only fibers (p = 0.0051). A similar increase in α-SMA expression was observed on Col-SE fibers compared with collagen-only fibers, however, this result was not statistically significant (p = 0.0927). Furthermore, α-SMA expression on Col-SE and Col-IE fibers was comparable (p = 0.6889).
Calponin expression followed a similar trend as the α-SMA expression on all groups ( figure 5(B) ). While calponin expression was comparable between day 3 and day 14 on collagen-only fibers (p = 0.2980), calponin expression increased significantly with time on Col-SE fibers (p = 0.0051) and Col-IE fibers (p = 0.0051). When comparing between groups at day 3, calponin expression appeared to be lower on Col-SE fibers (p = 0.1282) and Col-IE fibers (p = 0.0927) compared with collagen-only fibers. However, by day 14, calponin expression on Col-IE fibers was significantly higher compared with collagen-only fibers (p = 0.0453).
Thrombospondin expression increased significantly between day 3 and day 14 for all three types of fiber (p < 0.05; figure 5(C) ). However, when comparing the different groups, thrombospondin expression was comparable (p > 0.05). Together, these results indicate that incorporation of insoluble elastin into ELAC fibers induces contractile expression in rSMCs.
Assessment of calponin expression via immunofluorescence
Immunofluorescence results for the protein-level expression of calponin showed that calponin expression was comparable on all three fibers at days 7 and 14 ( figure 6 ). Since the autofluorescence of insoluble elastin particles tends to bleed over into the far-red channel, the DAPI channel was included during image processing to clearly differentiate between calponin staining and the background from insoluble elastin particles (figures 6(C) and (F)).
Discussion
The electrochemical process for the alignment of collagen molecules was first developed in 2008 for the synthesis of highly aligned pure collagen fibers for tendon tissue engineering applications [20] . Based on the principles of isoelectric focusing, the electrochemical alignment process is a simple and cost-effective process that can be carried out with minimum equipment (collagen, wire electrodes, and a low-voltage power supply) at physiological conditions and in the absence of corrosive solvents. Further, the electrochemical process allows for the incorporation of an insoluble or soluble second component (e.g. glycosaminoglycans, hydroxyapatite) within the aligned collagen network [28, 29] . While the feasibility of the electrochemical process to synthesize collagen-based hybrid materials has been previously shown, this is the first study that incorporates elastin (both soluble and insoluble) with collagen in the electrochemical process to synthesize tissue-mimicking elastin-incorporated aligned collagen fibers.
The native artery is mainly comprised of collagen and elastin. While collagen helps in maintaining the structural integrity of the blood vessel, elastin provides compliance to allow for expansion and contraction of the vessel during the cardiac cycle. Elastic fibers in the media layer of the blood vessel are not just elastin but also consists of microfibrillar scaffold components (e.g. fibrillin). The microfibrillar scaffold components play an important role in elastin organization and cellular response in blood vessels. In the current study, elastin was incorporated (soluble or insoluble) at a concentration of 40% by weight (collagen:elastin, 60:40 w/w) to closely mimic the composition of native vessels [30] . Further, the insoluble elastin used in this study was not in the form of discrete fibers but instead as particles (<37 μm) isolated from bovine neck ligament. These insoluble elastin particles mimic native elastic fiber composition. Fluorescence-based microscopy confirmed the incorporation, uniform distribution, and stability of soluble (figure 1) and insoluble elastin (figure 2) within ELAC fibers. While several studies have attempted to recapitulate the composition and structure of native arteries by developing scaffolds using collagen and elastin [14, 15, 31, 32] , more work is needed to fully understand the effect of soluble elastin and insoluble elastin on scaffold mechanics and SMC response. Due to the inability of some of the common methods (e.g. extrusion, electrospinning) to incorporate insoluble elastin within a collagen scaffold, most studies have employed freeze-drying to develop collagen scaffolds with insoluble elastin for vascular applications [31, [33] [34] [35] . Buttafoco et al, synthesized scaffolds by using collagen and insoluble elastin via freeze-drying and showed that incorporation of insoluble elastin significantly increased the strain recovery of the collagen scaffolds [31] . Although freeze-drying allows for the incorporation of insoluble elastin, the collagen fibers within these scaffolds are randomly oriented and do not mimic the circumferential aligned collagen structure of the native vessel. Development of a scaffold with aligned collagen fibers can improve the mechanical properties of the scaffold and also promote cell adhesion and orientation via contact guidance [36, 37] . Results from the mechanical tests before culture showed that the yield stress and Young's modulus of ELAC fibers decreased significantly upon elastin incorporation while the yield strain was maintained at around 13-15% ( figure 3) . Specifically, the Young's modulus decreased from around 10 MPa for collagenonly fibers to around 2 MPa for the Col-SE and Col-IE fibers, suggesting that elastin incorporation reduces the stiffness of ELAC fibers. These results are in agreement with Daaman et al, who showed that the tensile strength and elastic modulus of freeze-dried collagen scaffolds decreased upon elastin incorporation [34] . One possible reason for the decrease in yield stress and modulus of elastin-incorporated ELAC fibers may be the partial disruption of collagen alignment upon elastin incorporation during the electrochemical process. A similar finding was reported in a previous study, which showed disruption in collagen alignment upon incorporation of high amounts of decorin within ELAC fibers [28] . Previous studies have employed crosslinking to improve the baseline strength and modulus of freezedried collagen-elastin scaffolds [31, 33, 34] . Although a similar approach may be employed with elastinincorporated ELAC fibers, crosslinking can negatively impact the cellular response in vitro and the host response if implanted in the body [38] . In addition, the decrease in modulus of ELAC fibers upon elastin incorporation may be beneficial as the value converges upon those of native human coronary arteries (1.8 MPa) [39] .
When comparing the mechanical properties of the fibers before and after culture, a decrease in yield stress and Young's modulus and an increase in yield strain was observed for all fibers (figure 3). The significant increase in strain and the presence of an extended toe region after culture suggests that the fibers have gained compliance post culture, which is beneficial and can allow for better integration of the graft with damaged arteries. A possible reason for the decrease in modulus might be that although the cells may have degraded the extracellular matrix and synthesized a new matrix, they were not yet able to fully reorganize and mature the tissue. Longer term cultures may allow the cells to deposit a more organized and mature matrix and thereby improve the strength and modulus of the fibers after culture.
Cell cytoskeleton staining results at day 1 showed that while the SMCs on collagen-only fibers were oriented along the long axis of the fibers, no such preferential orientation was observed on Col-SE and Col-IE fibers (figures 4(A)-(C)). The lack of cellular orientation on Col-IE and Col-SE fibers may be because the alignment of collagen is disrupted upon the addition of a second component (elastin) during the electrochemical process. We have previously observed that incorporation of decorin had a similar effect and significantly altered the alignment of collagen within ELAC fibers [28] . However, by day 14, a confluent cell layer of highly oriented cells was observed on all fibers, suggesting that the remodeled matrix may be better aligned and that the cells can sense the underlying matrix and align and orient along the long axis of the fibers via contact guidance (figures 4(D)-(F)). Buijtenhuijs et al, have reported similar findings and showed that cells on collagen-elastin fibers of freeze-dried scaffolds orient along the long axis of the fibers [33] .
SMCs exhibit a spectrum of phenotypes ranging from synthetic (proliferative) to contractile (mature) [40] . We found that cells will proliferate on all fibers ( figure 4(G) ), which will allow for tissue growth and maturation. Thrombospondin, a marker for synthetic SMCs [41] [42] [43] , was found to increase on all three fibers with time, confirming that cells proliferate on all fibers between day 3 and day 14 ( figure 5(C) ). This increase in thrombospondin is indicative of the fact that the SMCs on all fibers are somewhere between the synthetic and contractile phenotype spectrum. However, it is imperative that SMCs maintain a contractile phenotype upon maturation since uncontrolled proliferation of SMCs can result in thickening of the blood vessel walls and thrombosis. Results of the current study showed that while the expression of contractile phenotype markers (α-SMA and calponin) was comparable between day 3 and day 14 on collagen-only fibers, a significant increase in contractile phenotype expression was observed on Col-IE fibers between day 3 and day 14 (figures 5(A) and (B)). More importantly, expression of α-SMA and calponin on Col-IE fibers was significantly higher compared with collagen-only fibers at day 14, suggesting that incorporation of insoluble elastin induces the contractile phenotype in SMCs. These results are in agreement with a recent study that showed incorporation of insoluble elastin into freeze-dried collagen scaffolds resulted in an upregulation of contractile phenotype markers in SMCs [44] .
Future studies will focus on modulating the concentration of the elastin incorporated with the ELAC fibers and assessing its effect on SMC response. Subsequent studies can also focus on developing tubular scaffolds that mimic the tunica media of the blood vessel by first fabricating a tubular lumen via the electrochemical process by using cylindrical electrodes placed in a concentric fashion and then winding the Col-IE fibers circumferentially around the lumen [29] . Overall, Col-IE fibers have considerable potential to be used in the development of a functional TEVGs for the replacement of small-diameter arteries.
Conclusions
The current study demonstrates that both soluble and insoluble elastin can be incorporated within ELAC fibers at a composition similar to native arteries. Furthermore, elastin incorporation reduces the modulus of ELAC fibers to converge upon that of native coronary arteries (1.8 MPa) [39] . Additionally, realtime PCR results show that incorporation of insoluble elastin into ELAC fibers induces the contractile phenotype in SMCs, suggesting that cells can sense the composition and topography of ELAC fibers. Overall, elastin-incorporated ELAC fibers have considerable potential to be used for the development of TEVGs for vascular tissue engineering applications.
